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Mechanical flexibility and compatibility of printing processes are key advantage that organic electronic 
devices have over conventional inorganic devices. However, one of the major remaining issues for organic 
devices is insufficient mechanical durability of printed electrodes. Here we have investigated the mechanical 
durability of both p-type and n-type organic thin-film transistors (TFTs) with ink-jet printed silver 
electrodes from silver nanoparticle inks. The modified silver nanoparticle inks enabled the strong adhesion 
to the underlying polymer layer, and the fabricated organic TFTs exhibited excellent reproducibility in the 
bending cycle tests. The strong channel length dependence on the strain sensitivity was observed in both 
p-type and n-type organic TFTs. The organic TFTs with a short-channel exhibited higher sensitivity to the 
bending strain. These results suggest that the flexible organic TFTs with printed silver electrodes have 
excellent mechanical durability and are useful for bending and strain sensors. 



Mechanical flexibility is a key advantage that organic electronic devices have over conventional inorganic 
devices. Organic materials intrinsically have mechanical flexibility due to Van der Waals bonding 
between organic molecules, making ultra-flexible organic devices feasible 1,2 . Besides the flexibility, 
compatibility of printing processes is another key advantage of the organic devices. Fabrication processes based 
on printing have a number of advantages over conventional photolithography. Printable processes can dramat- 
ically reduce material waste and manufacturing process steps while lowering manufacturing costs. Moreover, they 
can be readily scaled to large-area production with high throughput. These features enable low-cost, large-area, 
and flexible device applications, leading to new ways to develop organic electronics in areas such as light- 
emitting-diodes 3 , solar cells 4 , thin-film transistors (TFTs) 1-5,6 , logic circuits 7 9 , and sensors 1012 . 

The effect of compressive or tensile strain on the performance of organic TFT devices was initially reported by 
Sekitani et al. 1,13,14 , followed by other groups 2,15-20 . The authors demonstrated that compressive strain led to an 
increase while tensile strain led to a decrease in the mobility of organic TFT devices beyond that expected solely 
from change in the capacitance of the dielectric layer. Recent studies have explored the relationship between the 
behavior of organic TFT devices under strain and the various factors in the organic TFT devices such as molecular 
structures of semiconducting materials 15,16,19,20 , dielectric materials and interfaces between dielectric layers and 
semiconductor layers 18 , or contact resistance between source and drain electrodes of organic TFT devices 17 . 
However, the gate, source, and drain electrodes used in all previous studies were evaporated metals. To achieve 
flexible organic electronics based on organic TFT devices fabricated by full solution processes, the electrical 
characteristics must be reproducible in repetition in bending. Reproducible change in on-current in organic TFT 
device can also be applied to thin-film bending or strain sensors. 

Many research groups have studied solution-processed organic TFT devices using various printing methods 
such as ink-jet 7,2123 , aerosol-jet 24,25 , screen 26 , flexo 27 , and gravure printing 8,28,2 '. Among them, the fabrication of 
electrodes from silver nanoparticle inks through inkjet printing process has been the most reported for printed 
organic TFT devices 7,21 because this enables thin and highly conductive electrodes that can reduce operational 
voltages of printed devices 30 . However, in contrast to their advantages in terms of high conductivity and low 
sintering temperature, the printed electrodes from silver nanoparticle ink have a problem in terms of mechanical 
durability because of a lack of adhesion strength on the substrates 31 . 
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In this study, we have fabricated both p-type and n-type organic 
TFT devices with inkjet-printed silver electrodes from a silver nano- 
particle ink and studied the mechanical durability of those devices 
under tensile strain. By using modified silver nanoparticle ink, we 
achieved the strong fusion of the printed silver electrodes with the 
underlying polymer layers, resulting in excellent mechanical durabil- 
ity against the bending strain. The on-current of the organic TFT 
device clearly decreased as tensile strain increased, which is repro- 
ducible even in a bending radius of 4 mm. We found that the change 
in on-current can be significantly enhanced in shorter channels. 

Results 

Flexible p-type and n-type organic TFT devices with printed 
electrodes. Figure la schematically shows the structure of the fabri- 
cated devices with bottom-gate bottom-contact configurations. Our 
study dealt with both p-type and n-type organic semiconductor 
active materials: namely, pentacene as p-type and a benzobis 
(thiadiazole) (BBT) derivative with trifluoromethylphenyl groups 
(FPTBBT) as an n-type semiconducting material (figure lb) 32 ' 33 . 
The materials were chosen owing to their relatively high hole and 
electron mobility. Moreover, pentacene was a standard material for 
the p-type organic semiconductor, and the effects of strain have been 
well studied by several other groups 1 . 13 . 14 - 16 . 18 . 20 . Thermally cross- 
linked poly(4-vinyl-phenol) (PVP) was used as the dielectric 
material. The inkjet-printed silver electrodes from silver nano- 
particles dissolved in water-based solvent were used as gate, 
source, and drain electrodes. Photographs of the fabricated devices 
are shown in figure lc, Id, and le. We can obtain fine source/drain 
electrodes with line width of 25 um as shown in Figure le. 

Adhesion of silver electrodes on the polymer substrates. The 

adhesion of printed silver electrodes to the underlying cross-linked 
PVP layers was evaluated by scanning electron microscopy (SEM). 
The SEM image of printed silver electrodes is shown in figure 2a. 
There is no clearance gap between silver electrodes and cross-linked 
PVP layers, indicating that the printed silver electrodes obtained 
from the silver nanoparticles exhibited the strong adhesion on 
polymer layers. Indeed, no cracking/buckling of silver electrodes 
was observed even after outward bending with a bending radius of 
4 mm (1.6% tensile strain), and the electrodes exhibited almost the 
same surface after strong tensile strain (figure 2b and 2c). In contrast, 
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Figure 2 | Adhesive of the printed silver electrodes on polymer 
substrates, (a) Cross sectional SEM image of interface between printed 
silver electrodes and cross-linked PVP base layer. Photographs of printed 
silver source electrodes (b) before and (c) after the application of 1.6% 
tensile strain (R = 4.0 mm). 

the silver electrodes obtained from other silver nanoparticles 
dissolved in a tetradecane (NPS-JL, Harima chemicals) did not 
exhibit such a strong adhesion property (see supporting Fig. S2). 
Therefore, the strong durability against the mechanical strain was 
attributed to the composition of the silver nanoparticle ink used. 
Indeed, the silver nanoparticle ink used in this study contained 
1 — 5 wt% synthetic resin, which might play an important role as 
an interfacial binder to the polymer dielectric layer. 

Transistor performance. Figure 3 shows the transfer characteristics 
of both p-type and n-type devices before bending experiments. The 
source-drain current (Ins) was measured as a function of the gate- 
source voltage (V GS ) at a constant drain-source voltage (V DS ) in a 
nitrogen atmosphere. Vps was set to —20 V for a p-type devices and 
+20 V for n-type devices. Both pentacene and FPTBBT transistors 
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Figure 1 | Flexible organic TFT devices with printed electrodes, (a) Illustration of an organic TFT device with inkjet-printed silver electrodes under 
tensile strain, (b) Chemical structure of organic semiconducting materials used in this study. Pentacene as p-type (left) and FPTBBT as n-type (right), 
(c) A Photograph of the fabricated organic TFT devices installed on human fingers, (d) Optical microscope image of a fabricated TFT and (e) 
magnified image for channel region. 
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Figure 3 | Transistor characteristics of both p- and n-type organic TFT 
devices without strain. Transfer characteristics of both pentacene-based 
(blue) and FPTBBT-based (red) organic TFT devices before application of 
tensile strain. Both p-type and n-type TFTs have almost equal channel 
length of ~ 10 um. Applied source-drain voltages ( V D s) for pentacene- and 
FPTBBT-based devices were — 20 V and + 20 V, respectively. 

with printed electrodes exhibited good electrical performances. The 
estimated field-effect mobility (/.i) in the saturation region was 
0.12 cm 2 V" 1 s -1 for both p-type and n-type transistors, and on/off 
ratio was greater than 10 s . The typical device performances of both p- 
type and n-type TFT devices in the absence of strain is summarized 
in Table 1. 

Effect of strain on device performance. In this study, the tensile 
strains were applied to the organic TFT devices with printed silver 
electrodes. The strains were parallel to the source-drain current 
paths, and the performances of organic TFT devices were 
evaluated before, during, and after the application of strains. The 
surface strain (S) induced on the active layer was evaluated using 
the following formula 34 : 



S = 



d t + d s \ (1+2J7 + OT 2 



2R 



(l + lj)(l + Jpf) 



(1) 



In which d t and d s are the thicknesses of the active layer and the 
substrate, respectively, r\ is d t /d s , % is the ratio between the Young 
moduli of the active layer and of the substrate (% = Yi/Y s ), and R is the 
bending radius. Young's modulus of the PEN substrate is 12.2 GPa, 
and the % is estimated 1.6. Considering that the thickness of substrate 
(125 um) is more than two orders of magnitude thicker than the 
active layer (<1 um), the surface strain induced on the active layer 
can be approximated by: 



2R 



(2) 



We applied a bending strain with radii ranging from 1 1 mm down to 
4 mm, corresponding to an induced surface strain from 0.57% to 
1.6%. All the measurements were carried out from the small 
deformation regime (large bending radii), and the deformation was 
constantly increased by reducing the bending radius. The 
reversibility of the device behavior was checked by measuring the 

Table 1 | Summary of typical device performance of both penta- 
cene- and FPTBBT-based TFT devices with channel length of 1 0 um 



Semiconductor \.i (cm 2 V 1 s ') 



V m (V) 



On/Off 



Pentacene 
FPTBBT 



0.12 
0.12 



6.4 

-0.9 



5.6 x 10 5 
1 .0 x 1 0 7 



electrical characteristics of the devices in the flat position after each 
deformation step. For each summary plot, at least two sepa- 
rate devices were tested to ensure reproducibility of the device 
characteristics. 

The electrical behavior of the flexible devices was characterized 
during the systematic application of tensile strain. Figure 4 shows 
representative examples of the transfer characteristics in observed 
electrical characteristics for pentacene and FPTBBT-based devices 
on cross-linked PVP with channel length of 10 um. Gate voltage V GS 
is swept from 20 to —20 V with the application of V DS = — 20 V for 
p-type devices (figure 4a), and V GS is swept from -15 to 20 V with 
the application of V DS = 20 V for n-type devices (figure 4c). In 
agreement with previous reports, both p- and n-type devices on 
polymer dielectrics exhibited a decrease in saturation on-current 
I DS upon the application of tensile strain 13,18-1 ". The changes in the 
on-current are —31% for a pentacene-based device and —30% for a 
FPTBBT-based device at 1.6% tensile strain. We observed a relatively 
large hysteresis in the transfer characteristics while applying tensile 
strain, especially in the short channel region. Although the hysteresis 
became larger during the application of large strain, the transfer 
characteristics completely returned to the initial state after the ten- 
sile strain. Such reproducibility in the device characteristics was also 
observed for both pentacene and FPTBBT-based devices (Figure 4b 
and 4d). The on-current I DS value was normalized with initial I DS 
with application of no strain. The on-current I DS decreased as 
application of tensile strain was increased, and the value returned 
to its initial value when the application of strain stopped even after 
the 1.6% strain (R = 4.0 mm). The mechanical flexibility and repro- 
ducibility were comparable with previously reported organic TFT 
devices with evaporated Au electrode 13 . The excellent mechanical 
flexibility of our TFT devices with printed silver electrodes is attrib- 
uted to the strong fusion of the electrodes with the underlying dielec- 
tric surfaces. Therefore, these results exhibited the feasibility of 
applying inkjet-printed electrodes from nanoparticle inks to the flex- 
ible electronics. 

Structural dependence on the strain sensitivity of organic TFT 
devices. Furthermore, the electrical characterization was perfor- 
med for devices with different channel width (W) and channel 
length (L). The channel width dependence is shown in figure 5a, 
and the channel length dependence in figure 5b and 5c. The 
normalized on-current of pentacene-based devices with the same 
channel length of 70 um and with three different channel widths 
(300, 1000, and 3000 um) are plotted as a function of tensile strain 
in figure 5a. The normalized on-current of pentacene-based devices 
with the same channel width of 1000 um and with three different 
channel lengths (150, 70, and 10 um) are plotted as a function of 
tensile strain in figure 5b, and the same plot of FPTBBT-based 
devices is shown in figure 5c. Channel width and on-current 
variation do not correlate, which agrees with the models that 
explain the current change in organic TFT devices under appli- 
cation of strain 34 . On the other hand, the strain sensitivity clearly 
depends on the channel length for both pentacene- and FPTBBT- 
based devices. As the channel length shortened, the current became 
more sensitive to the surface strain. The application of 1.6% tensile 
strain to FPTBBT-based devices with channel lengths of 10 urn and 
150 um results in 31% and 18% changes in the on-current, respec- 
tively (Fig. 5b). The same tendency was observed for FPTBBT-based 
devices. The application of 1.6% tensile strain to FPTBBT-based 
devices with channel lengths of 10 um and 150 um results in a 
30% and 14% changes in the on-current, respectively (Fig. 5c). The 
printed devices exhibited strong channel length dependence on 
strain sensitivity, which has not been previously reported. The 
current change is linearly proportional to the application of surface 
strain for each channel length and each semiconductor material. For 
each curve, we have also estimated the slope of the sensitivity curve 
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Figure 4 | Electro-mechanical stability of organic TFT devices before, during, and after bending, (a) Transfer characteristics of the pentacene-based 
TFT device with channel length of 10 urn before, during, and after application of 1.6% tensile strain, (b) Saturation source-drain current (J DS ) of 
pentacene-based devices monitored at V DS = V GS = —20 V as a function of measurement number. I DS was normalized from its initial value (without 
application of strain), (c) Transfer characteristics of the FPTBBT-based TFT device with channel length of 10 um before, during, and after application of 
1.6% tensile strain, (b) Saturation source-drain current (I D s) of pentacene-based devices monitored at V DS = V GS = +20 V as a function of measurement 
number. I DS was normalized from its initial value (without application of strain). 
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Figure 5 | Structural dependence on the strain sensitivity of organic TFT devices, (a) Current variation as a function of tensile strain for pentacene- 
based TFT devices with different channel width, (b) Current variation as a function of tensile strain for pentacene-based TFT devices with different 
channel lengths, (c) Current variation as a function of tensile strain for FPTBBT-based TFT devices with different channel lengths, (d) Correlation 
between sensitivity slopes estimated from fitting curves in (b) and (c) and channel lengths of the TFT devices, showing the device sensitivity clearly 
depended on the channel lengths of both pentacene-based (blue) and FPTBBT-based (red) organic TFT devices. 
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and plotted it as a function of the channel length as shown in 
figure 5d. There was linear dependence between slope and channel 
length, at least in the channel length range that we have studied. 

Discussion 

To understand the mechanism of channel length dependence on 
strain sensitivity, we here consider the total resistance (Ron) between 
source and drain electrodes: 

R 0N =Rch+Rc (3) 

in which R ch is a channel resistance and R c is a contact resistance. 
First, we consider the R cn , which is the channel region of organic TFT 
devices. Several recent studies set out to explore the relationship 
between the semiconductor molecular structure and the behavior 
of organic TFT devices under strain. Specifically, pentacene grain 
size dependence on the strain sensitivity was reported by Cosseddu 
et al. 20 . According to this report, the larger the pentacene grain, the 
larger the strain sensitivity of the organic TFT devices, which was 
attributed to the hopping transport of charge carrier in the organic 
semiconductor films 35 . In our results, although the semiconductor 
grain sizes in both pentacene and FPTBBT were almost the same in 
different channel lengths, the tendency of the relationship between 
the strain sensitivity and the channel length is similar to the experi- 
mental results reported by Cosseddu et al. The shorter channel length 
means the decreased hopping paths between source and drain elec- 
trodes. We should also consider the contact resistance. Chen et al. 
have reported that the R c of pentacene-based organic TFT devices 
increased slightly during the application of tensile strain 17 . For 
shorter channel length, the R c /, decreases and the R c becomes dom- 
inant in total resistance. Therefore, the increasing of _R C might be a 
possible mechanism for the on-current change in our organic TFT 
devices under the tensile strain. We are further studying the mech- 
anism of the strain effect on the on-current in printed organic TFT 
devices. 

In conclusion, we have studied the effect of tensile strain on 
organic thin-film transistors with printed silver electrodes fabricated 
on a thin plastic substrate. The printed silver electrodes were 
fabricated from modified nanoparticle ink by ink-jet printing. The 
fabricated organic TFT devices exhibited excellent electrical perfor- 
mances, and reproducible strain dependence of the on-current. This 
mechanical durability is attributed to strong adhesion between the 
printed silver electrodes and the underlying polymer layers. 
Moreover, in both p-type and n-type organic semiconductors, we 
found that channel length of organic TFT devices plays a significant 
role in determining sensitivity of transistor characteristics to the 
applied strain. From these experimental results, we concluded that 
by properly tuning the channel length, the strain sensitivity in both p- 
type and n-type organic TFT devices can be controlled easily. The 
devices with a high strain sensitivity can be made useful for sensing 
applications by using a short channel length. In contrast, wider chan- 
nel length is suitable for decreasing their sensitivity to strain. 

Methods 

Materials. The ink used as printed electrodes in this work was a silver nanoparticle 
ink in a water-based solvent (JAGLT-01, DIC, Corp. Japan). The ink contained 25-35 
wt% silver nanoparticles with an average diameter of 20-40 nm and l-5wt% 
synthetic resin. A cross-linked poly-4-vinylphenol (PVP) was used as a planarization 
layer and gate dielectric layers. PVP (Mw — 25000, Sigma Aldrich Co.) and 
poly(melamine-co-formaldehyde) (Mn — 432, 84 wt%, Sigma Aldrich Co.) as a cross- 
linking agent were mixed in propylene glycol monomethyl ether acetate (PGMEA). 
The PVP solution was spin-coated onto glass substrates and was thermally cross- 
linked at temperatures of 150°C for 60 min to form a dielectric layer. 

Device fabrication. The devices were fabricated on 125-um-thick flexible 
polyethylene naphthalate substrates (PEN). To reduce the surface roughness, our 
PEN substrates are coated with an 80-nm- thick polymer planarization layer, which is 
deposited by spin-coating and cured at a temperature of 150 C. The silver 
nanoparticle ink was patterned with an inkjet printer (Fujifilm Dimatix, DMP2800) 
onto the planarization layers using a print head with 10 pi nozzles as bottom gate 



electrodes. The silver nanoparticle ink was printed using a customized waveform. The 
droplets were deposited with a dot-to-dot spacing of 60 um. During the inkjet 
patterning process, the substrate temperature was maintained at 30 J C. After the 
printing, the substrates were stored for 30 min in an environmental test chamber 
(espec, SH-221) in which the temperature was held at 30°C and relative humidity was 
held at 95%RH in order to planarize the electrodes 30 . After the drying process, the 
substrates were heated at 140 °C for 1 hour to sinter the silver nanoparticles. The 
fabricated silver gate electrodes had uniform thickness of — 100 nm (see supporting 
figure SI). After these electrodes were formed, a solution of cross-linked PVP was 
spin-coated and baked to form 350-nm-thick dielectric layers. The silver electrodes 
were subsequently inkjet printed using a print head with 1 pi nozzles to form the 
bottom source/drain electrodes. The droplets were deposited with a dot-to-dot 
spacing of 20 um. The device geometry was defined by the patterning data of inkjet 
printing. Finally, a 50-nm-thick pentacene or FPTBBT semiconducting layer was 
deposited on the source/drain electrodes at a pressure below 5.0 X 10~ 5 Pa with a 
deposition rate of 0.2 A/s. During the deposition, the substrates were not heated nor 
cooled. 

Device characterization. The electrical characteristics of the fabricated TFT devices 
were measured by using a semiconductor parameter analyzer (Keithley, 4200-SCS). 
The bending experiments were carried out by wrapping the PEN film around the rod 
with various radii from 1 1 to 4 mm. The TFT devices were stressed to the tensile 
strain parallel to the source/drain electrodes. For each summary plot, at least two 
separate devices were tested to ensure reproducibility of the device characteristics. All 
electrical measurements of organic TFT devices were performed in a nitrogen 
atmosphere to prevent degradation of organic semiconductors induced by oxygen or 
moisture 36 . The cross-sectional structure of the printed electrodes was examined by a 
scanning electron microscope (SEM) (JEOL, 7300F). 
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